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Introduction

Escherichia coli and enterococci are common indicator

organisms used to detect potential faecal contamination

of surface and ground water and to determine water qual-

ity (USEPA 2000; COM 2002). Concentrations of these

organisms in surface and ground waters depend on both

their ability to be transported from the contamination

source in the overland flow and in the subsurface and

their survival in environments encountered during trans-

port (Jamieson et al. 2002; Ferguson et al. 2003).

Coupled monitoring of both organisms has demonstra-

ted differences in dynamics of their concentrations

in waters that were reached by faecal contamination.

Personné et al. (1998) observed differences in transport of

E. coli and enterococci in a karst subsurface. The much

earlier appearance of enterococci in groundwater wells

when compared with E. coli was attributed to the better

mobility of enterococci in unsaturated soil. Ramos-

Cormenzana et al. (1994) observed that enterococci

possessed better resistance to dryness and an excellent

ability to move with the infiltrating water when compared

with E. coli. Celico et al. (2004) suggested that faecal coli-

forms and faecal enterococci vary considerably in terms

of size, morphology, motility and surface chemistry,

which lead to substantive differences in their propensities

for attachment to solid surfaces within soils and aquifers.

Becker et al. (2003) observed that coccidial (spherical

shaped) bacteria were transported in fractured bedrock

better than all but one strain of rod-shaped bacteria.
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Abstract

Aim: To test the hypothesis that Escherichia coli and enterococci bacteria have

similar release rates and transport characteristics after being released from

land-applied manure.

Methods and Results: Turfgrass soil sod was placed into 200 cm long boxes

that had the top two 25 cm sections separated to monitor the release and infil-

tration of bacteria, which affected bacteria transport in the rest of the box.

Dairy manure with added KBr was broadcast on the top two sections. Boxes

with either live or dead grass stand were placed under a rainfall simulator for

90 min. Runoff and infiltration samples were collected and analysed for Br,

E. coli, enterococci and turbidity. Significant differences in release kinetics of

E. coli and enterococci were found. A change from first-order release kinetics

to zero-order kinetics after 1 h of rainfall simulation was observed.

Conclusion: Differences in release rates but not in the subsequent transport

were observed for E. coli and enterococci.

Significance and Impact of the Study: Because both E. coli and enterococci are

currently used as indicator organisms for manure-borne pathogens, the differ-

ences in their release rates may affect the efficiency of using these organisms as

indicators.

Letters in Applied Microbiology ISSN 0266-8254

Journal compilation ª 2006 The Society for Applied Microbiology, Letters in Applied Microbiology

No claim to original US government works 44 (2007) 161–167 161



Little, if anything is known about the differences in

transport characteristics of the two indicator organisms in

soil, or about the differences in their transport in over-

land flow. If differences in the transport of E. coli and

enterococci exist, this may substantially affect the effi-

ciency of using these organisms as indicators of faecal

contamination from agricultural lands.

The objective of this work was to test the hypothesis

that E. coli and enterococci have similar patterns of

release from animal faeces and subsequent transport in

the environment.

Materials and methods

The bacteria release and transport experiments in this work

consisted of an application of bovine manure with added

bromide salt on grass-covered soil in experimental boxes,

followed by continual sampling of the runoff water and

water infiltrated through soil during the simulated rainfall.

Concentrations of E. coli, enterococci, bromide, and turbid-

ity were determined in the collected water samples.

Soil boxes

Six soil boxes with 200 cm · 41 cm · 10 cm dimensions

(Fig. 1), wooden sides and plywood bottoms were used in

this experiment. The boxes were waterproofed by caulking

the seams and painting the overall interior and exterior

with boat-sealing paint. Each box was divided into five

sections (marked by letters ‘a’ to ‘e’, in Fig. 1a,b) with

four vertical blades installed at the bottom at distances of

25, 50, 100 and 150 cm from the upper side of each box.

The first blade was 4Æ5 cm high, and all others were 1 cm

high. Each section had a hole in the bottom centre near

the blade (Fig. 1a). Teflon funnels (1–5 in Fig. 1b) were

mounted into each hole to collect infiltrating water. A

5 cm layer of commercial turfgrass sod (J. T. Patton and

Sons, Poolesville, MD, USA) was carefully cut to the box

size and placed in the box. Soil in section ‘a’ became sep-

arated from the rest of the layer, as the high first blade

cut it off. A small trough with the rain shield (‘S’ in

Fig. 1c) was placed on the top of the first blade to collect

the runoff from section ‘a’. A larger trough (‘L’ in

Fig. 1c) was mounted at the box bottom to collect runoff

from the rest of the soil. The space between the edges of

the soil layer and the interior box walls was filled with

polyurethane foam sealant (Great Stuff, M#162848, Dow

Chemical Co., Midland, MI, USA). Soil in the boxes was

clay loam and had the saturated hydraulic conductivity of

2Æ2 ± 1Æ1 cm h)1.

Boxes with soil were stored outdoors under a screen to

prevent direct solar radiation, and were manually irrigated

daily to keep the grass intact before the experiments started.

Funnels were open to allow drainage. The grass was manu-

ally clipped to an average height of 7Æ5 cm and clippings

were removed before each run of experiments. Three

experimental runs were made with the live grass in three of

the boxes. Grass was then allowed to wilt completely in the

other three experimental boxes, and another three rainfall

simulation runs were made with the dead grass conditions.

Figure 1 Soil box design and manure appli-

cation areas. (a) Top view of the empty soil

box; a–d, box sections separated by blades

( ) protruding from the bottom; ( ) teflon

infiltration funnels. (b) Side view of the empty

box, ( ) bottom blades; 1–5, teflon infiltr-

ation funnels, same as in (a). (c) Soil box with

grass sod and manure applied over sections

‘a’ and ‘b’ of the box; 1–5, teflon infiltration

funnels; ‘S’ and ‘L’, troughs to collect surface

runoff.
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Grass in the boxes was tall fescue (Festuca arundinacea).

Plant densities and biomass, and surface roughness were

determined after experiments; data are available upon

request.

Rainfall simulation

Manure slurry was collected from a free-stall barn at the

Dairy Research Unit of the USDA-ARS-Beltsville Agricul-

tural Research Center (BARC), Beltsville, MD housing

lactating Holstein dairy cows (Bos taurus), thoroughly

mixed and stored at 4�C overnight prior to the runoff

experiments.

In each of the experimental runs, one soil box was

placed under the rain simulator and tilted to have a 4%

slope. Rainfall was applied using a rain simulator

equipped with a TeeJetTM 1/4 HH SS 14 WSQ nozzle

(Spraying Systems Co., Wheaton, IL, USA) mounted on a

frame at 3 m above the soil surface. Simulated rainfall

had the uniformity coefficient of 0Æ93 ± 0Æ02 within the

box placement area. Rainfall intensity of

3Æ24 ± 0Æ06 cm h)1 was maintained. Such rainfall has an

approximate 1-year return frequency in Maryland. Soil

within the box was first saturated using the rainfall simu-

lator for approximately 30 min and allowed to drain for

an additional 30 min prior to manure application. This

was carried out to minimize the hydrological variability

related to antecedent moisture and to collect background

runoff and infiltration samples. The irrigation water was

prepared by adding laboratory grade chemicals to the de-

ionized water to obtain a typical Maryland rainwater

composition. Concentrations of Ca, Mg, K, Na, NH4,

NO3, Cl and SO4 were 0Æ08, 0Æ03, 0Æ02, 0Æ12, 0Æ34, 1Æ36,

0Æ26 and 1Æ9 mg l)1, respectively, pH was 4Æ5.

To use Br as a conservative tracer present only in the

liquid phase of the manure, sterile KBr solution was

added to the manure and was manually stirred for 3 min.

Concentration of KBr in manure was 0Æ3 g l)1. Manure

was then applied uniformly on the upper 25 cm ‘a’ and

‘b’ sections of each experimental box (Fig. 1) at a rate of

11Æ7 kg m)2 (about 3Æ5 times higher than a typical agro-

nomic rate), and rainfall was initiated. Runoff and infil-

tration samples were collected from troughs ‘S’ and ‘L’

and from funnels 1–5 (Fig. 1), first after the runoff or

infiltration initiation in each of the collection points, and

then at times equal to the multiples of 5 min (e.g. 10, 15,

20 min, etc.), counting from the rainfall initiation. The

rainfall simulations continued for 90 min.

Microbiological and chemical analyses

Enterococci in water samples were enumerated by plating

a 50 ll exponential spiral onto plates of mEnterococcus

agar (Difco Labs, Detroit, MI, USA) using an Autoplate

4000 spiral-plater (Spiral Biotech, Gaithersburg, MD,

USA) and counting red colonies that developed after 48 h

incubation at 37�C with a Q-Count colony counter (Spi-

ral Biotech, Norwood, MA, USA). Numbers of E. coli in

water were determined by plating 50 ll exponential spi-

rals on MacConkey agar and counting red colonies that

developed after overnight incubation at 44Æ5�C. The num-

ber of enterococci and E. coli in manure was determined

by plating as above after dilution with sterile water. Each

value was the average of two plates.

Bromide content was measured with a Model 9635BN

Bromide Ion-Selective Electrode (Thermo Electron Cor-

poration, Beverly, MA, USA) in the detection range from

0Æ4 to 79 900 ppm. Turbidity was determined using a

2020 Turbidimeter (LaMotte Company, Chestertown,

MD, USA) with the Tungsten incandescent bulb as the

light source. The turbidimeter was calibrated for raw

manure measurements in the range from 0 to 40 000 mg

manure l)1, and values of nephelometric turbidity units

(NTU) in the raw manure were evaluated using the calib-

ration coefficients and measurements in 1: 10 manure

dilution. Manure samples (100 g) were oven-dried at

60�C to measure the solid:liquid ratio.

Results

Table 1 summarizes concentrations of E. coli, enterococci,

Br and turbidity in manure, irrigation water, and back-

ground infiltration samples from funnels 1–5 obtained

prior to manure application. Background micro-organism

concentrations were four to six orders of magnitude

lower than concentrations in manure. The solid: liquid

ratio in manure was 0Æ08, and pH was 8Æ02 with 1: 10

manure dilution.

The runoff collected in the large trough constituted

from 0% to 16% and from 14% to 23% of the irrigation

water applied over the box sections ‘b’, ‘c’, ‘d’ and ‘e’ in

the live-grass boxes and the dead-grass boxes, respectively.

The amount of runoff in the small trough varied from

8% to 38% and from 21% to 99% of the irrigation water

applied over the box section ‘a’ in the live-grass boxes

and in the dead-grass boxes, respectively.

Data in Fig. 2 show the temporal dependencies of con-

centrations of E. coli, enterococci, Br and turbidity in

both runoff and infiltration water in experiments with

live grass. The data from section ‘a’ demonstrate the two-

stage kinetics of the manure constituents’ release. The

first stage of the exponential decrease of micro-organism

concentrations continued for about 40 min. After that,

the decrease in concentrations was much slower. Funnel 2

was expected to mimic funnel 1, and this was observed.

All constituent concentrations at funnel 3, which was
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located at 50 cm from the manure application zone,

increased during the first 20 min and then decreased with

time at about the same rate as concentrations at funnel 2.

Concentrations at funnel 4 were much smaller than in

funnel 3 and approached nearly to the background level.

The distance between funnels 3 and 4 was only 50 cm,

but it appeared to be sufficient to provide dilution of

bromide such that the Br concentrations approached the

level in the rainwater. The leachate from funnel 5 also

had concentrations mostly lower than leachate from fun-

nel 4, and they were closer to the background concentra-

tions. In general, funnel 5 had concentrations higher than

the large trough.

Figure 3 shows the concentrations and turbidity in

runoff and infiltration from the manure patch in live-

grass experiments. A significant difference was observed

in release rates of E. coli and enterococci (Table 2),

whereas no significant difference was found between the

release rates of Br and E. coli. Results similar to the data

in Table 2 were found in experiments with the dead grass

(data not shown).

The dead- and live-grass experiments were compared

using the analysis of variance (anova). The vegetation

status was the significant (P < 0Æ05) factor along with

sampling time and sampling location. At logarithmic

scale, there was a small but statistically significant differ-

ence of about 0Æ3 between average relative E. coli concen-

trations in experiments with live and dead grass. The

same was found for enterococci. No such effect was

found for Br. Comparison of concentrations at the release

points (i.e. small trough, funnels 1 and 2) showed that

the concentrations at the second release stage (last

20 min) were significantly less in dead-grass experiments

compared with the live-grass experiment.

Discussion

Dilution and loss to infiltration were the dominant mech-

anisms for the decrease in micro-organism and tracer

concentrations in runoff during their transport from the

applied manure. Concentrations of all manure constitu-

ents tended to be lower in the runoff than in infiltrating

water. The rainfall diluted the water running off the man-

ure surface and laterally moved out the liquid part of the

manure that could infiltrate. Concentrations in funnel 3

were also affected by the lateral transport in soil (Fig. 2).

The delay in the concentration growth in funnel 3 when

compared with funnel 2 reflected the time needed for the

suspended manure components to pass through the soil

and arrive with the runoff water to section ‘c’ where fun-

nel 3 collected the infiltrated water. The low level of all

the manure constituent concentrations in funnel 4 indica-

ted that the concentrations in this funnel were mainlyT
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controlled by transport in runoff followed by infiltration

of the runoff water, rather than by transport through the

soil matrix. This could be deduced from the fact that bro-

mide did not interact with soil, and E. coli and enterococci

demonstrated a behaviour similar to that of bromide. The

concentrations in funnels 1 and 5 located under troughs

were lower than concentrations in the corresponding

troughs ‘S’ and ‘L’. This was explained by the additional
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Figure 2 Effluent concentrations of bacteria,

bromide ion and turbidity in experiments with

live grass; ( ) small trough (S in Fig. 1); ( ,

h, , and ) infiltration funnels 1–5 in

Fig. 1, respectively; ( ) large trough (L in

Fig. 1). The error bars show the SEs of geo-

metric means from triplicated experiments.

Solid and dashed lines show the geometric

average ± SE of the background concen-

trations.
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dilution of the surface runoff with the rainwater when

compared with infiltrating suspensions.

Substantial differences in the release kinetics of man-

ure constituents shown in Fig. 3 and Table 2 could be

attributed to the distribution of these constituents

between readily and sparsely leachable parts of manure.

Bromide was added to the liquid part of manure. The

similarity in bromide and E. coli release kinetics indica-

ted that E. coli, like Br, resided in the liquid part of

manure, and was released as the liquid manure fraction

was diluted and displaced by the rainwater. Enterococci

were apparently present in substantial numbers in less

readily suspended, possibly solid parts of manure. The

difference between the relative concentrations of E. coli

and enterococci in the first runoff and infiltration water

samples supported this conjecture (Figs 2 and 3). The

average relative concentrations of Br, E. coli and entero-

cocci in the first sample in funnel 1 were 0Æ50, 0Æ25

and 0Æ14, respectively. This could also be caused by the

presence of enterococci in the part of manure that was

less available for leaching when compared with E. coli

and Br.

After the first 40 min of rainfall, the release of entero-

cocci and E. coli occurred with zero-order kinetics

(Fig. 2). The gradual dissolution of manure lumps prob-

ably occurred without a significant decrease in the size of

the lumps, bringing more or less constant concentrations

of enterococci in the runoff and infiltration solutions.

These data indicate that a 30-min rainfall simulation,

recommended, for example, for the phosphorus release

studies (e.g. Tarkalson and Mikkelsen 2004), may not be

sufficient to properly observe and evaluate the kinetics of

manure-borne bacteria release. In particular, estimating

the first-order kinetics rate from the 0Æ5 h release data

may create a distorted (too optimistic) forecast of the

concentrations in the runoff.

We could not separate effects of the vegetation status

and temporal differences in manure consistence and com-

position, because experiments with dead grass were car-

ried out 1 month later than experiments with live grass.

Variations of manure properties affected the relative tur-

bidity that was significantly higher in live- than in dead-

grass experiments (data not shown). Differences revealed

with anova were probably related to the temporal differ-

ences in manure consistence and composition rather than

to the differences in the vegetation status, because the

vegetation status was not a significant factor for bromide

concentrations.

Our data do not show differences in the transport

characteristics of the two organisms, because the 1Æ5-m

distance appeared to be sufficient to bring the concentra-

tions of the released organisms in runoff and infiltration

water to the background levels. Such differences may be

more pronounced in experiments where infiltration is less

dominant, e.g. either soil is sealed or soil water content is

high. The small depth of soil layer would have a substan-

tial impact on our results compared with a field situation.

First, there is only a 5 cm depth of soil in which infiltra-

tion, and therefore filtration of bacteria by the soil mat-

rix, can occur. Secondly, the shallow depth of soil would

have restricted the infiltration process via the imperme-

able boundary presented to vertical flow at the base of

the box. This might have caused water pressure to ‘back

up’ to the surface, thereby increasing the ratio of runoff

to infiltration, compared with a continuous column of

soil in the field. Thirdly, the sod cutting probably created

some disturbance of soil. Some possible precautions were

taken, such as cutting sod to the width of boxes, avoiding

rolling the sod, and allowing soil to settle in boxes under

live grass for a month with daily irrigation. Nevertheless,

the sod may have been disturbed, although the similarity

in concentrations shown with the error bars in Fig. 2

indicates relatively homogeneous soil layers. Various envi-

ronmental factors may affect or control transport of

released manure constituents in field conditions. For

example, rainfall intensity and manure type are known to

affect manure leaching (Schijven et al. 2004). Vegetated

buffer strips can provide a filtering effect on runoff con-

taining suspended material, and this effect may vary

depending on plant status (Dabney et al. 1995). It

remains to be seen whether some discernible differences

in transport of E. coli and enterococci exist in field condi-

tions.

Overall, our data demonstrate the differences in release

behaviour of two water quality indicator organisms –

E. coli and enterococci from manure to the grassed soil

surface. The concentrations at the source of release need

to be monitored to discern the differences in organisms’

release from differences in their transport.
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Table 2 Release rates (min)1) of manure constituents

Released manure constituent Runoff Infiltration

Enterococci 0Æ0248a 0Æ0210a

Escherichia coli 0Æ0443b 0Æ0368b

Br 0Æ0368b 0Æ0339b

Turbidity 0Æ0617c 0Æ0576c

The same superscript letter means that the average values do not dif-

fer significantly at the significance level of 0Æ05.
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